In this study, the authors tested the hypotheses that plasma electrolytic oxidation (PEO) and glowdischarge plasma (GDP) would improve the electrochemical, physical, chemical, and mechanical properties of commercially pure titanium (cpTi), and that blood protein adsorption on plasma-treated surfaces would increase. Machined and sandblasted surfaces were used as controls. Standard electrochemical tests were conducted in artificial saliva (pHs of 3.0, 6.5, and 9.0) and simulated body fluid. Surfaces were characterized by scanning electron microscopy, energy-dispersive spectroscopy, x-ray photoelectron spectroscopy, atomic force microscopy, x-ray diffraction, profilometry, Vickers microhardness, and surface energy. For biological assay, the adsorption of blood serum proteins (i.e., albumin, fibrinogen, and fibronectin) was tested. Higher values of polarization resistance and lower values of capacitance were noted for the PEO and GDP groups (p < 0.05). Acidic artificial saliva reduced the corrosion resistance of cpTi (p < 0.05). PEO and GDP treatments improved the surface properties by enrichment of the surface chemistry with bioactive elements and increased surface energy. PEO produced a porous oxide layer (5-lm thickness), while GDP created a very thin oxide layer (0.76-lm thickness). For the PEO group, the authors noted rutile and anatase crystalline structures that may be responsible for the corrosion barrier improvement and increased microhardness values. Plasma treatments were able to enhance the surface properties and electrochemical stability of titanium, while increasing protein adsorption levels.
I. INTRODUCTION
Dental implants have been widely used for the rehabilitation of partially or completely edentulous patients. 1 Commercially pure titanium (cpTi) is mainly used because it has been shown to have a high success rate and clinical longevity in a large number of implant systems. 2 The cpTi reacts with molecules of water or air from the atmosphere, which promotes immediate formation of a titanium oxide layer (TiO 2 ) on the metal surface. 3 This property provides the surface energy required for implant osseointegration, Electronic mail: rconsani@fop.unicamp.br l) Electronic mail: mesquita@fop.unicamp.br m) Author to whom correspondence should be addressed; electronic mail:
vbarao@unicamp.br biocompatibility, mechanical strength, 4 and corrosion resistance. 5 In the oral environment, implants are exposed to various adverse factors of mechanical (mastication), chemical (saliva, fluoride, pH, and temperature), and microbiological (biofilm) origins, which can be considered a complex process of continuing degradation. 6 Barao et al. 7 investigated the influence of different pH levels of saliva (3, 6 .5, and 9) on the corrosive behavior of cpTi and a Ti-6Al-4V alloy. The acidic saliva significantly reduced the corrosion resistance of both Ti types. At low pH, titanium released more ions into the saliva, which reduced its corrosion resistance. 7, 8 Corrosion products can induce an inflammatory reaction, which can cause the release of inflammatory mediators from macrophages, contributing to bone resorption. 9 Studies in the peri-implant mucosa 10 confirmed the presence of Ti particles distributed in the peri-implant region and metabolic organs such as the kidney, liver, spleen, and lymph nodes both near to and far from the implant site. 11 For acceleration of the osseointegration process of dental implant surfaces, several methods have been developed to modify Ti surfaces, such as sandblasting, acid-etching, anodization, or calcium phosphate coatings. 12 The modification of the physical and chemical properties of Ti surfaces facilitates the improvement of protein adsorption and cell adhesion. 13 A layer of proteins that adsorb to the implant surface from plasma or other physiological fluids mediates the interaction with cells and determines the cellular response to the biomaterial. 14 Changes in the surface topography and composition can affect the protein adsorption characteristics. 15 Li et al. 16 studied the effect of acid-etching using hydrofluoric acid on the mechanical anchorage and osseointegration of sandblasted Ti implants. The acid attack after blasting improved the osseointegration and mechanical stability of Ti. However, the blasting process caused the mechanical properties of the Ti surface to deteriorate.
Surface modification techniques have been studied to obtain surfaces without subjecting Ti to treatments at elevated temperatures, preventing changes in the physical-chemical properties of the metal. The surface treatment designated plasma electrolytic oxidation (PEO) is a technique capable of enhancing surface bioactivity by the incorporation of ionic species, such as calcium (Ca) and phosphorus (P) elements present in the bone. 17 PEO coatings improved wear and corrosion resistance, promoted thermal protection, and showed good interfacial adhesion in Ti and its alloys. 18 Surfaces treated with PEO not only promoted the creation of micropores, but also accelerated bone formation, promoting osseointegration and improving implant-bone contact. 19 Another surface treatment methodology that has been recently applied is called glow-discharge plasma (GDP), defined as a gas with a high degree of ionization and charged particles that have multiple interactions, being macroscopically neutral, to modify the surfaces of biomaterials at room temperature and low pressure. 13 Besides being an efficient and economical method, GDP is attractive for promoting treatment with depth limited to a few nanometers of the surface. Therefore, it is possible to modify a surface while maintaining its mass properties and metal function. 20 Additionally, the temperature of the gas used in this technique can remain as low as room temperature. 21 This treatment causes changes in surface wetting, providing changes in protein adsorption and cell behavior. 22 In general, surface treatments have improved biological response and the osseointegration process of dental implants when compared with machined surfaces. 23 However, when subjected to these treatments, Ti and its alloys may undergo changes in their composition, which can potentially increase the release of ions to the biological environment. 24 The accumulation of metal ions in the peri-implant tissues may result in adverse cellular and tissue effects. 25 The electrochemical stability of the implant surface is important for the maintenance of peri-implant health and the longevity of treatment. The influence of surface treatments on the corrosion behavior of Ti remains controversial. Aparicio et al. 26 showed that the blasting particles of aluminum (Al) and silicon carbide (SiC) at the surface increased the corrosion resistance of cpTi. Conversely, Barranco et al. 27 observed that the blasted surface of a Ti6Al4V alloy was highly reactive due to the impact of alumina particles on the substrate surface, exhibiting an increased susceptibility to corrosion. Similar results were obtained by Szesz et al., 28 wherein the blasting process with Al 2 O 3 caused the electrochemical properties of cpTi to deteriorate. Zhou and Mohanty 29 found that deposition of hydroxyapatite (HA) by sputtering reduced the corrosive resistance of cpTi in Hanks' solution. In a similar study, Coelho et al. 24 concluded that HA deposition by sputtering does not alter the corrosive properties of the alloy Ti-6Al-4V. However, Kwok et al. 30 demonstrated that the HA coating made by electrophoretic deposition has increased corrosion resistance of the Ti-6Al-4V alloy when compared with that of an untreated surface. Vargas et al. 31 found that treatment with argon gas GDP impaired the corrosion stability of a Ti-6Al-4V implant after immersion in saline solution (pH 3). The incorporation of nitrogen through the GDP maintained electrochemical properties of Ti-6Al-4V and Ti-5Al-2.5Fe alloys in Hanks' solution. 32 As observed, the role of different surface treatments in the corrosion behavior of Ti remains controversial. Additionally, most corrosion studies have focused on medical orthopedics implants, and little attention has been paid to the corrosion behavior of Ti in the oral environment. Therefore, the aims of this study were: (1) to evaluate the role of PEO and GDP treatments in the electrochemical behavior of cpTi in artificial saliva (pHs 3.0, 6.5, and 9.0) and simulated body fluid (SBF); (2) to characterize the physical, chemical, and mechanical properties of the Ti coatings; and (3) to investigate the adsorption of blood proteins onto the modified surfaces.
II. EXPERIMENT A. Experimental design
CpTi disks were randomly divided into four groups according to surface treatments: machined (control), sandblasted (control), PEO, and GDP. The electrochemical stability of such surfaces was tested in artificial saliva at different pHs (3.0, 6.5, and 9.0) and SBF. The following dependent variables were obtained: open circuit potential (OCP), polarization resistance (R p ), constant phase element (CPE), corrosion potential (E corr ), corrosion current density (I corr ), and passivation current density (I pass ). Surfaces were characterized via scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), x-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), x-ray diffraction (XRD), profilometry, Vickers' microhardness, and surface energy. For biological assay, the adsorption of blood serum proteins (i.e., albumin, fibrinogen, and fibronectin) was tested (Fig. 1) 33 Disks were polished with sequential SiC grinding paper (Nos. 320, 400, and 600) (CarbiMet 2, Buehler) by means of an automatic polisher (EcoMet/AutoMet 250 Pro, Buehler) at 250 rpm for 1 min with each abrasive paper.
Machined and sandblasted (control groups)
In this study, two control groups were considered: a polished (machined) surface as described above and a sandblasted, large-grit, acid-etched surface (sandblasted). The second control group was used to compare the proposed surface treatment with a well-established surface treatment.
For the sandblasted group, cpTi disks were sandblasted with 150 lm Al 2 O 3 particles (Polidental Ind ustria Com ercio, Ltd.) at 50 mm of distance and a 90 angle with pressure of 0.45 MPa for 30 s. 34 Then, the disks were washed in an ultrasonic bath with distilled water for 15 min and dried at room temperature. Subsequently, disk surfaces were chemically treated with a solution containing 0.1 mol/L of HCl and 8.8 mol/L of H 2 O 2 at 80 C for 20 min, washed in distilled water, oven-dried at 50 C for 12 h, heated with air at 400 C for 1 h, and cooled in an electric oven. Finally, they were washed in distilled water and vacuum-dried. 35 
Plasma electrolytic oxidation
Prior to PEO treatment, the disks were washed and degreased with acetone, alcohol, and distilled water for 10 min in an ultrasonic bath and then air-dried. The PEO treatment has been previously described. 36 Briefly, a pulsed DC power supply (Plasma Technology, Ltd.) was used. A steel tank with a cooling system was used as the cathode, and the cpTi disk was used as the anode. The treatment was performed with an electrolytic solution that was prepared by the dissolution of 0.3 M of calcium acetate [Ca (CH 3 CO 2 ) 2 ] (Sigma-Aldrich) and 0.02 M of glycerophosphate disodium (C 3 H 7 Na 2 O 6 P) (SigmaAldrich) in distilled water. The voltage, frequency, and duty cycle were set at 290 V, 250 Hz, and 60%, respectively. The treatment was conducted for 10 min, and the temperature of the electrolyte was maintained at 20 C. Afterwards, the cpTi disks were washed with deionized water and air-dried.
Glow-discharge plasma
The cpTi disks were ultrasonically washed and degreased in distilled water and detergent (Det limp 32, Chemco) for 15 min, rinsed in water, washed with acetone for 15 min, and then air-dried. GDP treatment was performed inside a custom-made glass reactor fully described elsewhere. 37 Disks were sputter-cleaned for 600 s in a plasma atmosphere composed of 50% argon and 50% H 2 , at a total pressure of 1 Â 10 À2 Torr. The sputtering plasmas were produced by an application of radio frequency signal, RF, 13.56 MHz, 100 W, to the sample holder during grinding of the topmost electrode. The depositions were performed during 1500 s in an atmosphere of 70% hexamethyldisiloxane, 15% O 2 , and 15% argon by the application of RF (13.56 MHz, 100 W) to the substrate holder. The background pressure and the working gas pressure were maintained at 2.0 Â 10 À2 and 1.8 Â 10 À1 Torr, respectively. Then, a final plasma oxidation treatment was conducted for 300 s at an atmosphere of 100% O 2 at 2 Â 10 À2 Torr of background pressure and 9.5 Â 10 À2 Torr of working pressure. This entire process was performed twice per disk, resulting in multilayered films.
C. Electrochemical test
The tests were conducted in an electrochemical cell made of polysulfone. A potentiostat (Interface 1000, Gamry, Inc.) . Artificial saliva at different pHs (3.0, 6.5, and 9.0) and SBF (pH 7.4) were used as electrolyte solutions to mimic the oral environment and the blood plasma, respectively. The composition of artificial saliva (g/l) was KCl (0.4), NaCl (0. 4 38 Tris was used to achieve a pH ¼ 7.4. During the test, the electrolyte temperature was maintained at 37 6 1 C. To standardize the oxide layer of the cpTi surfaces, a cathodic potential (À0.9 V vs SCE) was applied for 10 min. The OCP was monitored for a period of 3600 s for evaluation of the free corrosion potential of the material in each electrolyte solution. After stable OCP values were reached, electrochemical impedance spectroscopy (EIS) was conducted at a frequency of 100 kHz to 5 mHz, with the AC curve in the range of 610 mV applied to the electrode as a corrosion potential so that we could observe the permeability of the electrolyte through the coating and evaluate the oxide passive layer. 7, 33, 36, 39, 40 EIS data were used to determine the real (Z 0 ) and imaginary (Z 00 ) components of the impedance as plotted in Nyquist, Bode (jZj) and phase angle. The EIS results were analyzed by means of Echem Analyst software (provided by Gamry Instruments) and fitted to an appropriate equivalent electrical circuit to quantify the corrosion kinetics and oxide film formations. Then, the specimens were polarized from À0.8 to 1.8 V at a scan rate of 2 mV/s. 36 The corrosion data were obtained from potentiodynamic polarization curves. The Tafel extrapolation method (Echem Analyst Software, Gamry Instruments) was used to obtain the corrosion potential (E corr ), corrosion current density (I corr ), and Tafel cathodic (b c ) and anodic (b a ) slopes. The passivation current density (I pass ) corresponds to the current value in the transition between the active and the passive regions expressed in the polarization curve. All tests were repeated at least five times to ensure reliability and reproducibility.
D. Surface characterization
SEM and EDS analyses
SEM was used to characterize the film morphologies and EDS was conducted to evaluate the chemical composition of treated surfaces. Elementary chemical analysis in small volumes (around 1 lm 3 ) was performed. The thicknesses of PEO and GDP films were also determined. For the PEO group, the disk was cut in half by means of a precision cutting system (Exakt Advanced Technologies) and embedded in polyester resin (Teclago). The cross-sectional area was then ground in SiC abrasive papers (from Nos. 320 to 1200) (Teclago) and mirror-finished with a polishing cloth (Teclago) and alumina suspension (Teclago). The crosssectional area was viewed under SEM. For the GDP group, an adhesive taper (Kapton, 3M) covered half of a glass slide while film deposition and treatment cycles were conducted. The adhesive taper was then removed, and the step between the untreated and treated areas was measured by a profilometer (Dektak 150-d, Veeco) (2000-lm cutoff at a constant time of 15 s).
XPS analysis
XPS analysis was also used to obtain the chemical composition of the oxide layers. The spectrometer (Vacuum Scientific Workshop, VSW HA100) with a hemispherical analyzer was operated in constant transmission mode, resulting in a line width of 1.6 eV for Au 4f7/2. The electron radiation for excitation was Al Ka, 1486.6 eV. Pressure less than 2 Â 10 À8 mbar was used during the measurements. Surface charging was corrected by fixing the C1s line at 284.6 eV. 41 
Atomic force microscopy
The 3D surface topography of different cpTi surfaces was analyzed by AFM (5500 AFM/SPM, Agilent Technologies). Images of 50 Â 50 lm were obtained in noncontact mode, and two distinct areas of the cpTi surface were chosen for analysis. Image processing was performed with specific software (GWYDDION v 2.37; GNU General Public License). 36 
XRD analysis
The crystalline composition of the oxides formed on the modified surfaces was analyzed by means of an XRD (Panalytical, X'Pert 3 Power). CuKa radiation (k ¼ 0.15418 nm) operating at 40 kV and 50 mA for a scan range of 2h from 20 to 70 was used. 42 
Profilometry (surface roughness)
The surface roughness (Ra-arithmetic mean) was measured by means of a profilometer (Dektak 150-d, Veeco) with a 500-lm cutoff, at a constant time of 12 s. Three measurements were obtained for each cpTi disk and then averaged. 43 
Vickers microhardness
The Vickers microhardness of cpTi surfaces was calculated by means of a microhardness tester (Shimadzu HMV-2000 Micro Hardness Tester, Shimadzu Corporation) at room temperature (22 6 2 C). A 0.5 Kgf load was applied for 15 s, and the hardness was expressed in Vickers hardness units (VHN). The microhardness values were calculated according to the formula VHN 2P ¼ sin (136 /2)/d2, where P ¼ load applied and d ¼ distance between the diagonals of the indentation. 44 The test was performed at four points randomly distributed on the surface of each disk. The average of four replications corresponds to the value of VHN.
Surface energy
The analysis of the surface energy was measured according to the protocol suggested by Combe et al. 45 with the assistance of a goniometer (ram e-hart Instrument Co.). For the determination of surface energy, the measurement of the contact angle between the disk surface and a sessile drop of diiodomethane (dispersive component) and deionized water (polar component) was conducted. This measurement was performed in three drops of each liquid at room temperature (21 6 1 C) and controlled humidity. Each sessile drop (0.2 ll) was deposited onto the disc surface through an automatic dispenser coupled to the goniometer. The image obtained was immediately captured by the device, and the contact angle formed by the liquid on the substrate surface was automatically measured by the ram e-hart DROPIMAGE STANDARD software (ram e-hart Instrument Co.). The polar and dispersive components and the surface free energy were obtained. 45 
E. Protein adsorption
For an understanding of how the proteins present in blood serum interact with different surface treatments, adsorption of albumin, fibrinogen, or fibronectin (SigmaAldrich) was investigated separately. The disks were sterilized by gamma radiation (0.87 6 0.05 kGy) prior to being tested. The disks were incubated in 24-well culture plates containing 100 lg/ml of albumin, fibrinogen, or fibronectin in phosphate-buffered saline (PBS) (Gibco, Life Technologies) under horizontal stirring (75 rpm) at 37 C. After 2 h of incubation, the protein solution was aspirated and the disks were washed three times in PBS for the removal of nonadherent proteins. 46 The protein adsorption was measured by the bicinchoninic acid method (BCA Kit, Sigma-Aldrich) with bovine serum albumin as standard. The disks were transferred to cryogenic tubes containing 1 ml of PBS and were sonicated in a Cup Horn (5.5 in. cup, Q500, Qsonica) at an amplitude of 80% for 60 s. The disks were then vortexed for 60 s to remove the absorbed protein from the cpTi surface. The BCA kit quantifies only proteins in solution. In a microtiter plate of 96 wells, a 150-ll quantity of the sonicated suspension was added to 150 ll of a mixture with reagents A and B. The microplate was incubated at 60 C for 1 h, after which the absorbance of the solution was measured in a microplate spectrophotometer reader (Multiskan, Thermo Scientific) at a wavelength of 562 nm, according to the manufacturer's recommendation. Protein concentration was calculated based on a standard curve prepared with bovine serum albumin (0.5-30 lg/ml of protein).
F. Statistical analyses
Statistical analyses were performed with statistical software (SPSS v.20.0, SPSS, Inc.). Two-way analysis of variance (ANOVA) was used to evaluate the effects of surface treatment (factor 1) and electrolyte type (factor 2) on the electrochemical (R p , CPE, E corr , I corr , and I pass ), roughness, microhardness, and surface energy data. The influence of surface treatment on the adsorption of blood serum proteins was tested by one-way ANOVA. The Bonferroni test was used as a posthoc technique for multiple comparisons (a ¼ 0.05). In this study, with five specimens per group, the observed power to detect a medium size effect (0.5, according to Cohen effect size statistics) was >0.8.
III. RESULTS AND DISCUSSION
A. Electrochemical stability of cpTi with different surface treatments Figure 2 shows the OCP evolution as a function of time for all groups in the different electrolyte solutions. The PEO group showed the most positive values of OCP (values ranging from À75 to 250 mV vs SCE) when compared with those of other groups: control (values ranging from À350 to À175 mV vs SCE), sandblasted (values ranging from À250 to 50 mV vs SCE), and GDP (values ranging from À400 to À200 mV vs SCE). These results may indicate improvement of the corrosion tendency of the PEO group (tending to noble electrochemical potential), since more positive OCP values show a better corrosion behavior. The positive potential values observed in the PEO group may be attributed to the presence of a thick coating and the formation of a stable oxide film 36 that may protect the Ti surface.
Open circuit potential

Electrochemical impedance spectroscopy
A Nyquist plot (real component-Zreal of impedance versus imaginary component-Zimg of impedance) is represented in Fig. 3 . An increase in the diameter of the semicircular loop indicates an improvement in film stability, and a decrease in the semicircular diameter loop indicates a reduction in passive film resistance. 47 The machined and sandblasted groups showed a reduction in the semicircular diameter of the capacitance loop, regardless of the electrolyte type, which suggests a negative influence of these surface treatments on the electrochemical behavior of cpTi. The GDP group showed intermediate values. For the PEO group, a higher amplitude of the semicircular diameter of the capacitance loop was noted, which indicates improved corrosion resistance. A large difference in magnitude was found between the controls and the experimental groups. Based on that, the Nyquist plots were magnified for better visualization.
The EIS results represented by the Bode plot (Fig. 4) showed that the PEO-treated surfaces exhibited the highest total impedance values (as can be seen in the y axis of each graph) in all different electrolytes. This behavior indicates an improvement of the electrochemical properties of the cpTi, since high impedance values at low frequencies suggest the formation of a highly stable oxide film on the substrate surface, which may lead to improved electrochemical stability. The presence of Ca and P in the PEO surface acts as a ceramic barrier that reduces the diffusion of ions from and to the cpTi surface. 36 Contrasting behavior was observed in machined and sandblasted groups, which exhibited very low impedance values. Similar results were obtained by Barranco et al., 48 wherein machined and sandblasted Ti6Al4V alloy surfaces exhibited low impedance values. Regarding electrolyte solutions, in general, artificial saliva with pH 6.5 and 9.0 showed the highest total impedance values. Figure 5 shows the graphs of phase angles, wherein machined and sandblasted surfaces showed only one time constant, which indicates the formation of a compact oxide layer. Two time constants can be observed for the PEO group, which reveals the formation of an inner compact layer and an outer porous layer. The first time constant at high frequency indicates the dielectric property of the porous coating of PEO, and the second time constant at medium frequencies is the barrier layer. 49 In the GDP group, three time constants can be noted, indicating a structure composed of a homogeneous and compact inner layer and two outer porous layers. 50 Moreover, it is interesting to note that, at high frequencies, phase angles of the PEO and GDP groups showed high values (around 80 -90 ), indicating an improvement of the electrochemical stability of cpTi when subjected to these treatments. Figure 6 shows the equivalent circuits used for simulation of the electrical parameters of the surface. The values of chisquare (v 2 ) were in the order of 10 À3 -10 À4 , indicating that the fitted data are in agreement with the experimental data. For an understanding of the data impedance of machined and sandblasted surfaces, a simple electrical circuit was adopted, consisting of Rsol (solution resistance), R1 (polarization resistance), and CPE. For good fit and a minimized surface heterogeneity factor, capacitance was replaced by the CPE. 51 For PEO-treated samples immersed in artificial saliva (pHs 3.0, 6.5, and 9.0), an equivalent circuit consisting of two pairs of elements was used, in which R1 represents the resistance of the pores, CPE1 the capacitance of the oxide layer, and R2 and CPE2 represent resistance to electrical charge transfer and the capacitance of the double layer of the substrate, respectively. 52 For the GDP-treated surface and the PEO surface immersed in SBF, the electrical circuit used was composed of Rsol, R1, and CPE1, representing the resistance and capacitance of the oxide film formed on the surface, respectively. R2 and CPE2 describe the 
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Production of a biofunctional titanium surface 011013-8 electrochemical reactions occurring in the passive layer-metal interface, while R3 and CPE3 describe the ion diffusion phenomena in the oxide layer. The use of this circuit is considered valid for the study of Ti under passive conditions. 50 The polarization resistance (R p ) and capacitance (CPE, represented as Q) data are shown in Table I . Total capacitance (Q tot ) represents the capacity for ionic changes in the electrolytic medium and is inversely proportional to total polarization resistance (R tot ), which measures the capacity to resist those ionic changes. 7 For most electrolyte conditions, machined and sandblasted groups showed the lowest values of R tot and higher values for Q tot (p < 0.05). These findings are in agreement with the results obtained by Burnat et al., 53 wherein a Ti6Al4V alloy subjected to sandblasting showed lower corrosion stability than did the machined surface. According to Barranco et al., 27 the stability of the film formed on the sandblasted surface with aluminum oxide particles was severely affected by the impact of particles against the substrate. The stress accumulated at various points of the deformed surface, generated by the impact of the particles, resulted in breakdown of the oxide film formed on the surface, increasing susceptibility to corrosion and promoting the release of metallic ions. Moreover, Barranco et al. 48 showed that the increase in capacitance of Ti subjected to sandblasting was due to an increased surface area available in the ratio of the greatest surface roughness presented by this group. In contrast, higher values of R tot were noted for the PEO and GDP groups when compared with the other groups, wherein PEO, in artificial saliva at pH 6.5, presented the highest values (p < 0.05). The mechanism of corrosion protection of the PEO coating is determined by the diffusion of reacting species through the coating and resistance of the inner dense area of the coating next to the substrate. 54 According to Vargas et al., 31 it can be hypothesized that GDP, by modifying the oxide layer in two stages-first removing contaminants rich in hydrocarbons and other elements and then promote a "smoothing" of the substrate surface, resulting in a cleaner and more uniform oxide layerpromotes the formation of a more stable passive film. Therefore, following a similar pattern, the lowest values for Q tot were found for the PEO group, followed by the GDP group (p < 0.05).
Regarding the electrolytic solutions, acidic artificial saliva showed higher Q tot values for the machined and sandblasted groups (p < 0.05). This observation is in agreement with those of previous studies demonstrating that solutions with acid pH may cause dissolution of the oxide layer. 54 According to Barao et al., 7 acidic saliva accelerates the ion exchange between Ti and saliva, i.e., increases the capacitance values and reduces the corrosion resistance, which is in agreement with the present results. In contrast, the PEO and GDP groups were able to withstand the negative effect of the electrolyte (p > 0.05). Acidification of the saliva can unclog the pores of the external layer on the PEO surface; however, it may be speculated that denser coatings delay the penetration of ions into the substrate. 54 The values of R tot and Q tot represent the properties of the cpTi oxide layer. 7 The n values show whether the CPE acted as an inductor, resistor, or capacitor. When n ¼ À1, the CPE acted as an inductor, n ¼ 0 as pure resistor, and n ¼ 1 as an ideal capacitor. Based on our data, it is possible to assume that CPE acts as a nonideal capacitor due to the variable relaxation times induced by microscopic inhomogeneity at the electrode/electrolyte interface. For the PEO and GDP groups, the outer oxide layers exhibited lower n values, indicating the formation of a porous structure, which correlates with the proposed electrochemical circuits shown in Fig. 6 .
FIG. 6. Equivalent circuits used to fit EIS data. Circuits used in the (a) machined and sandblasted groups, (b) PEO group, and (c) PEO group (immersed in SBF) and GDP group.
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Potentiodynamic polarization curves
It is clear that the PEO and GDP groups shifted the current density to lower values. The electrode potential was shifted to positive values when compared with those of controls. The PEO group presented the behavior of a ceramicor polymerlike surface, showing smooth and symmetric cathodic and anodic zones. The shift of the curves to the upper left area of the graph indicates a more passive character of the PEO-and GDP-treated samples in comparison with control groups (Fig. 7) . Sandblasted surfaces showed lower electrochemical stability of the dynamic nature of the corrosion process, owing to the presence of current fluctuation and zones of passivation and depassivation.
The electrochemical parameters I corr , E corr , I pass , and cathodic (b c ) and anodic (b a ) Tafel slopes can be seen in Table  II . No Tafel linear region in the anodic slope (b a ) was noted for machined and sandblasted groups. Therefore, the parameters were obtained through Tafel extrapolation based on the cathodic slope (b c ). In general, groups treated with plasma (PEO and GDP) showed improved electrochemical behavior. Better performance in corrosion resistance was related to a more positive E corr . 55 PEO also exhibited the highest values of E corr and lower values of I pass (p < 0.05), indicating nobler behavior as compared with that of other surfaces. Low I corr values were noted for the PEO and GDP groups (p < 0.05). Furthermore, machined and sandblasted groups showed the largest I corr values, suggesting unfavorable electrochemical properties. In addition, we noted that the sandblasted group did not have values for I pass , since they could not be calculated due to current density fluctuations. Regarding the electrolyte solutions, artificial saliva at pH 3.0, in general, caused the greatest I corr values in all analyzed surfaces (p < 0.05). These results are in agreement with Q tot and R tot , where machined and sandblasted surfaces promoted the highest values for Q tot and the lowest values for R tot , and acidic artificial saliva showed higher capacitance values for the machined and sandblasted groups. Figure 8 shows the SEM micrographs and chemical compositions of the cpTi surfaces, determined by EDS. The presence of pores with wide openings (volcanic appearance) on the surfaces treated with PEO was noted. These findings are similar to the results obtained in previous studies. oxide film, due to the occurrence of sparks at the surface when the high voltage (over 265 V) is applied. In contrast, longitudinal grooves from the polishing process can be seen on the machined and GDP surfaces. Sandblasting with aluminum oxide promoted visible surface changes in cpTi, and crystals with standard sizes and shapes were noted. Regarding the chemical composition of the cpTi surfaces, we can see that the machined surface showed oxygen (O), carbon (C), and titanium (Ti) in its composition. Besides those elements mentioned above, peaks of aluminum (Al) were found on sandblasted surfaces due to the blasting process with 150 lm Al 2 O 3 particles. The PEO group showed oxygen (O), titanium (Ti), carbon (C), calcium (Ca), and phosphorus (P) in its composition. The detection of calcium and phosphorus resulted from an electrolytic solution that was prepared by the dissolution of calcium acetate and of glycerophosphate disodium. The presence of Ca and P in the biofunctional film made the surface osteoconductive, stimulating bone growth and assisting in the rapid fixation of the implant. 57 The GDP group showed peaks of oxygen (O), carbon (C), and silicon (Si). The presence of silicon on the surface can be explained by the fact that hexamethyldisiloxane breaks down into methyl groups and silica during film deposition. 58 Active peroxide radicals are produced by O 2 and can incorporate functional groups, for example, C-O and C-OH, into the surface of the treated material. 59 These elements play an essential role in reducing the hydrophobicity of the surface, 60 which increases the chances of protein adsorption and hence cellular adhesion.
B. Surface characterization
The layer thicknesses produced by PEO and GDP can be seen in Fig. 9 . In the PEO group, no cracks were observed on the film, and the layer thickness was approximately 5 lm, corroborating results from other studies. 36 Furthermore, we observed that there was no discontinuity between the film and the substrate, and, along the cross-section, there was no apparent defect, suggesting good adhesion of the formed film, which is probably another factor indicative of good corrosion resistance. 61 The graph allowed us to observe that the thickness of the oxide layer of the cpTi surface treated by GDP was 0.76 lm, which corroborates the findings of Hayakawa et al. Figure 10 shows the XPS analysis, which revealed the chemical composition of the outer oxide layer formed on the surface of cpTi. The XPS results for machined surfaces showed the presence of peaks relating to Ti and O. Sandblasted surfaces showed all the elements mentioned above, plus an Al peak. On the surface subjected to PEO treatment, peaks at binding energies corresponding to O, Ca, and P were also observed. The GDP surface showed the presence of peaks related to O, Si, and C. Peaks over a range of 457.7 eV (Ti 2p3/2) to 464.3 eV (Ti 2p1/2) were found for the Ti 2p spectrum, similar to those for machined, sandblasted, and PEO groups, suggesting the connection of Ti and O, forming TiO 2 . In O 1 s spectra for the machined group, a peak at 529.5 eV was found to be related to O 2À ions, which possibly form the TiO 2 layer; in the sandblasted group, a peak centered at approximately 531.6 eV was found, which suggests that O 2À ions may be bonded to Al þ3 ions to form Al 2 O 3 . Also, in relation to O 1 s spectra, in the PEO group, the peak at 533.3 eV may be associated with P ions or CaPbased compounds, the 531.0 peak may be related to the sum of the contributions of TiO 2 and Ca compounds, 62 and peaks at around 532.6 eV suggest the presence of compounds formed by the Si-O bond to form SiO 2 on the surface treated with GDP. 58 For the band of Al 2p, a peak at 74.4 eV was observed for Ti subjected to sandblasting procedures, which indicates the formation of an Al 2 O 3 compound. 61 With respect to Ca 2p bands, it was possible to observe peaks at approximately 346.7-350.3 eV (Ca 2p3/2) for the samples treated with PEO, which can be related to the formation of calcium phosphate compounds. 63 Regarding P 2p spectra, peaks at a range of 132.8-133.3 eV could be observed, which suggest the presence of calcium phosphate compounds [CaHPO 4 and/or Ca 10 (PO 4 ) 6 (OH) 2 (HA)]. 63 The Ca 2þ and PO 4 3À ions react with OH À ions under high temperature in microdischarge channels to produce HA on the TiO 2 matrix. 64 For the Si 2p band, a peak centered at approximately 102.8 eV was found in the GDP group, suggesting the presence of silicon oxide compounds formed by Si-O bonds. 58 Regarding C 1s spectra, it was possible to observe peaks at 288.6, 286.5, and 284.6 eV, which could be related to saturated hydrocarbons. 65 Atomic force microscopy ( Fig. 11 ) was used to provide two-and three-dimensional information on the topography of cpTi as a function of surface treatment. The surfaces were free of cracks, packed thick, and composed of visible beads. Machined and GDP surfaces presented longitudinal grooves resulting from the polishing process. The sandblasting process promoted the formation of deeper valleys and salient peaks, whereas treatment with PEO promoted the formation of pores in the surface.
The phase composition of oxides formed on the cpTi surface was analyzed by XRD. In Fig. 12 , the analysis revealed that the PEO was the only group to show crystalline structures in the oxide layer, with the presence of rutile and anatase peaks, which have tetragonal crystal structure and are bioactive and biocompatible for bone implants in biomedical applications. 63 Anatase and rutile peaks adhere chemically to HA due to high bioactivity. 66 In addition, a semiquantitative analysis indicated that the PEO-treated surface was composed of 60% anatase, 33% rutile, and 7% of amorphous Ti. The other groups showed oxide layers with an amorphous structure. According to Durdu et al., 67 early in the PEO treatment process, hydroxyl ions (OHÀ) and Ti ions (Ti 4þ ) react with each other to form anatase (TiO 2 ) and rutile (TiO 2 ) phases in the microdischarge channels. Anatase begins to form in the first minutes and then transforms into rutile with increasing duration time. Anatase forms earlier than rutile because the temperature in the microdischarge channels at low-duration times is lower than that at high-duration times, explaining why larger percentages of anatase to rutile were found in the present study. The presence of rutile may also explain the better corrosion behavior of the PEO group. 36 Figure 13 shows the average Ra of cpTi subjected to different surface treatments before and after the electrochemical process. Surface treatments such as PEO and sandblasting increased the values of surface roughness of cpTi, and the highest Ra values were found for the sandblasted group (p < 0.05). It has been reported in the literature that surface roughness improves the osseointegration process when compared with smooth Ti. 68 The machined and GDP groups exhibited the lowest values of Ra and showed no statistically significant difference between them. The corrosion process, in general, did not affect the roughness characteristics of the material in any of the electrolyte solutions. 69 observed an increase in the hardness of Ti in treated vs untreated surfaces. The increased surface hardness in the PEO group may be attributed to the presence of rutile. 70 Coatings containing aluminum oxide improved the hardness properties of cpTi. 71 After the corrosion process, the Vickers hardness of all groups tended to reduce, and this trend was most pronounced in the PEO and sandblasted groups. However, even after the corrosion process, the hardness of the PEO and sandblasted groups tended to be higher than that observed in the machined and GDP groups. It can be speculated that the corrosion process degrades the most external oxide layer. For clinical applications, the increase in surface hardness by surface treatment could be recommended, because it increases the resistance of the material, contributing to the longevity of the implant. 69 Wettability and surface energy play an extremely important role in protein adsorption and, consequently, in osseointegration. 72 Materials that have a higher surface energy show greater wettability and consequently are more hydrophilic and tend to adsorb proteins more easily. 73 When the implant is inserted into the bone, a cascade of reactions occurs in the implant surface, and the first biological event is protein adsorption. 74 All these processes will be reflected in osseointegration, since the protein adsorption media interact between the substrate and the cell surface. 75 The wettability of the surface was analyzed by measurement of the contact angle. The surface energy data are shown in Fig. 15 . The initial surface energy was higher in the group subjected to the GDP treatment (p < 0.05), suggesting higher hydrophilicity on the surface. The other groups had similar surface energy (p > 0.05). After the corrosion process, a significant reduction in the surface energy in the GDP group was noted in all electrolytes. In the machined, sandblasted, and PEO groups, the surface energy of cpTi tended to remain stable. It is possible that the corrosion process degraded the outer (hydrophilic) layer, exposing the organosilicone (hydrophobic) layer, which explains the reduction of surface energy for the GDP group after corrosion.
C. Blood serum protein adsorption
The results of adsorption of albumin, fibrinogen, and fibronectin as a function of the different surface treatments are represented in Fig. 16 . For albumin, the PEO and sandblasted groups promoted greater protein adsorption (p < 0.05) and showed no statistically significant difference from each other (p > 0.05). For fibronectin adsorption, the PEO, sandblasted, and GDP groups showed greater protein adsorption (p < 0.05). According to Han et al., 76 a conformational change in the fibronectin molecule may explain an increased adsorption in the GDP surface. Regarding the adsorption of fibrinogen, the PEO group presented the highest adsorption, followed by the sandblasted and GDP groups, which were similar. Yang et al. 77 showed that fibrinogen adsorption was higher on surfaces containing HA when compared with amorphous surfaces (TiO 2 ). The adsorption of fibrinogen is mediated by electrostatic interactions between the negatively charged TiO 2 and positively charged aC and is reversible. 78 Moreover, fibrinogen adsorption on HA is more effective because the positive Ca 2þ ions and PO 4
3À
ions available significantly increase the chances of fibrinogen interaction with the HA surface. 79 The binding of fibrinogen and HA can be caused by nonspecific attractions FIG. 13 . Average roughness (Ra) and standard deviation for all surface treatments at baseline and after immersion in different artificial saliva solutions (pH 3.0, 6.5, and 9) and SBF. Different letters indicate significant differences within the electrolyte solution (p < 0.05).
FIG. 14. Mean and standard deviation of Vickers microhardness (VHN) for all surface treatments at baseline and after immersion in different artificial saliva solutions (pH 3.0, 6.5, and 9) and SBF. Letters indicate significant differences among the surfaces in the same electrolyte solution (p < 0.05). *Significant differences between electrolyte solution and baseline within the surface type (p < 0.05). between functional groups of the protein, positively charged, and hydroxyl groups of HA or through specific attractions between carboxyl groups of the protein, negatively charged, and Ca 2þ ions present in the HA. 77 Therefore, these factors may explain the increased fibrinogen adsorption on surfaces treated with PEO, since CaP coatings provide more binding sites for fibrinogen than do sandblasted surfaces.
IV. CONCLUSIONS
In the present study, the successful synthesis of biofunctional Ti surfaces by plasma electrolytic oxidation and glow-discharge plasma has been demonstrated. Based on the results, plasma-treated samples were able to improve the electrochemical behavior of cpTi when compared with untreated and sandblasted surfaces. Regarding electrolyte solutions, acidic saliva reduced the corrosion resistance of cpTi. The presence of pores (volcanic appearance) on surfaces treated with PEO was noted through SEM and AFM. On PEO surfaces, no cracks were observed on the film, and the layer thickness was approximately 5 lm. A thin oxide layer of 0.76 lm was formed on cpTi surfaces treated with GDP. A crystalline structure in the oxide layer was found in the PEO group, with the presence of rutile and anatase peaks. The presence of Ca and P ions positively affected the adsorption of albumin, fibrinogen, and fibronectin, especially fibrinogen adsorption, by providing a greater number of binding sites for proteins. The sandblasted surfaces also showed great protein adsorption due to the high surface roughness. Therefore, future studies are suggested to assess the cell interaction with, and bone formation on, plasma surfaces. The synergistic interaction between wear and corrosion (i.e., tribocorrosion) is also warranted for an understanding of the degradation mechanisms of such coatings when used for implant applications. In addition, clinical trials are needed to evaluate the longevity of the implants with proposed surface treatments, specifically in dental and orthopedic applications.
